Recent studies have highlighted the involvement of membrane-anchored endo-b-1,4-glucanases in cellulose biosynthesis in plants, suggesting that there are parallels with Agrobacterium tumefaciens and other bacteria which also require endo-b-1,4-glucanases for cellulose synthesis. This review summarises recent literature on endo-b-1,4-glucanases and their role in plant development and addresses the possible functions of membrane-anchored isoforms in the synthesis of cellulose.
Introduction

Plant endo-b-1,4-glucanases
Genes encoding endo-b-1,4-glucanases (EGases, EC 3.2.1.4) have been found in many prokaryotic and eukaryotic organisms including bacteria, fungi, plants, nematodes and insects. EGases hydrolyse b-1,4-linkages behind unsubstituted glucose residues and are operationally defined by their ability to hydrolyse the artificial soluble cellulose derivatives carboxymethyl cellulose (CMC) or hydroxyethyl cellulose (HEC) . A large number of EGase family members have been described in plants (Fig. 1 ), but only in a few cases has the CMCase or HECase activity been verified experimentally (Ferrarese et al. 1998 , Loopstra et al. 1998 . It is therefore not excluded that some odd family members have different substrate specificities. All plant enzymes belong to glycoside hydrolase family 9 (Henrissat 1991) , the reaction mechanism of which involves the inversion of the OH on the anomeric carbon to the aposition upon hydrolysis. Fig. 1 visualises in a dendrogram the relationship between the 25 EGases in Arabidopsis and their homologs identified by full-length sequences in other plant species. Seven branches combine at least one Arabidopsis sequence with one or more isoforms from another species, suggesting that at least seven genes within the family already had duplicated in the most recent common ancestor, and that these genes represent distinct functional classes. Two branches contain exclusively one (class I) or two (class VIII) Arabidopsis sequences. Either these genes are specific for Arabidopsis or orthologs have not been found yet in other species. In total, a minimum of nine classes of genes can be distinguished in Arabidopsis. Interestingly most members of class III and one isoform in class II contain a C-terminal extension encoding a putative cellulose-binding domain. Group IX is the most divergent class and encodes membrane-anchored EGases. This group constitutes the main subject of this review.
The number of expressed sequence tags (ESTs) shown between brackets informs us about the expression level and the tissue type. Only four genes are represented by over 10 ESTs. Interestingly, the most abundantly represented isoform (27 ESTs, AY039938), is in class VIII, for which no ortholog has been described in other species. The limited data available show that expression patterns are associated with fruit ripening, cell expansion, organ abscission, stigmas and styles and cellulose synthesis. Some members of class IV are up-regulated by ethylene and down-regulated by auxin and some members of class V are up-regulated by auxin. Genes with distinct expression patterns can reside on the same branch as shown for classes IV, VI, VII and IX. Systematic expression studies are needed to obtain a complete overview for the entire family.
Some plant EGases are integral membrane proteins
In contrast to all other known plant EGases, which contain an endoplasmic reticulum import sequence and are secreted into the apoplast, EGases of class IX contain an Nterminal membrane anchor (Brummell et al. 1997 , Nicol et al. 1998 . The EGases Cel3 in tomato (Brummell et al. 1997) and KORRIGAN (KOR) in Arabidopsis (Nicol et al. 1998) were localised in membrane fractions prepared, respectively, from roots and suspension cultures. The resistance against stripping with strong alkali indicated that they are integral membrane proteins. Based upon the charge distribution around the membrane anchor, the proteins were predicted to be type II mem-brane proteins, with a cytosolic N-terminal domain of about 70 amino acids. Protease treatment experiments on microsomal vesicles confirmed this topology (Brummell et al. 1997) .
Genes encoding membrane-anchored EGases are found in both monocots and dicots
The Arabidopsis genome contains three genes encoding membrane-anchored EGases (Fig. 1) , KOR (Nicol et al. 1998 ), KOR2 and KOR3 (Mølhøj et al. 2001b ). Southern analysis also Fig. 1 Phylogeny of plant EGases based on deduced amino acid sequences (BLOSUM62 matrix). Putative physiological roles/expression patterns are indicated. The 25 EGases in the Arabidopsis thaliana genome (shown in red) fall into at least nine classes (I-IX) and include three membrane-anchored EGases (z, KOR, KOR2 and KOR3) and 22 secreted EGases, three of which have a putative cellulose binding domain (l) . Numbers between brackets indicate the number of ESTs in the databases. E and A followed by an up-ward pointing or a down-ward pointing arrow head indicates up-and down-regulation after treatment with ethylene or auxin, respectively (a sideways-pointing arrow head indicates no effect of treatment). Accession numbers not shown in Fig. 1 are: Arabidopsis KOR (U37702), KOR2 (AC001229), KOR3 (AL078637), Cel1 (X98544) and Cel2 (AF034573), avocado Cel1 (X59944), barley Cel1 (AB040769), bean BAC (U34754), citrus CEL-a1 (AF000135) and CELb1 (AF000136), elder JET1 (X74290), oilseed rape CEL16 (AJ242807), opium (BF010444), pea EGL1 (L41046) and EGL2 (AB032830), peach EG1 (X96853), pepper CCel1 (X97188), CCel2 (X97190) and CCel3 (X97189), pine PrCel1 (U76725) and PrCel2 (U76756), poplar PopCel1 (D32166) and PopCel2 (AB025796), strawberry faEG1 (AJ006348) and faEG3 (AF006349), tomato Cel1 (U13054), Cel2 (U13055), Cel3 (U78526), Cel4 (U20590), Cel5 (AF077339), Cel7 (Y11268) and Cel8 (AF098292). The full-length cotton sequence was reconstructed from ESTs obtained from a 7-10 dpa cotton fiber cDNA library (accession numbers: BE052640, BF268560, BF268621, BF269248, BF271380, BF272090, BF275259, BG441297, BG441572, BG443842, BG444620, BG444933 and BG446484). The full-length potato sequence was likewise obtained from ESTs (accession numbers: BE340776, BE343041, BE343722, BF460113, BG351535, BG591260, BG591919, BG594099, BI176726 and BI176749). AC003672 "A", "B", "C" and "D", AL035679 "A", "B" and "C", and rice AP002094 "A" and rice AP002094 "B" respectively have the following protein-id's: AAC27456, AAC27457, AAC27458, AAC27459, CAB38819, CAB38820, CAB38821, BAA96207 and BAA96209.
showed the presence of a small gene family in tomato (Brummell et al. 1997) . Genes encoding membrane-anchored EGases have further been found in dicots like oilseed rape (CEL16; Mølhøj et al. 2001a), tomato (Cel3; Brummell et al. 1997) , opium (BF010444), cotton (see Fig. 1 legend) , potato (see Fig. 1 legend) , hybrid aspen (AI164537), soybean (AW666343, AW704037), alfalfa (AW692796), lotus (AW163991), and in monocots like barley (Cel1), rice (C25232), maize (BE050153, BE050850) and orchid (Brummell et al. 1994 ). Finally, a KOR homolog was also identified by ESTs in the gymnosperm Pinus taeda (gi800407) indicating that the presence of KOR predates at least the divergence between angiosperms and gymnosperms. In the absence of more sequence information it is not clear whether KOR2 and KOR3 are also specialised isoforms with orthologs in other plant species.
Cell type-specific expression of three Arabidopsis KOR genes KOR and its oilseed rape orthologue CEL16 are expressed in all plant organs investigated. A CEL16 promoter-GUS fusion furthermore showed GUS expression in apical meristems and cambium, primary xylem and cortex of the stem (Mølhøj et al. 2001a ). Addition of the hormones auxin, ethylene or gibberellins did not influence KOR mRNA levels. However, KOR mRNA levels were low in a brassinosteroiddeficient mutant compared with the wild type, and slightly upregulated by the addition of exogenous brassinolide (Nicol et al. 1998) . The promoters of KOR2 and KOR3 showed much more restricted expression patterns (Mølhøj et al. 2001b ). KOR2::gusA was expressed in developing root hairs within the root differentiation zone, at junctions between leaf petioles and stems and between flower petioles and the receptacle. KOR2 therefore may be involved in strengthening the cell wall at these tension points. KOR3::gusA is expressed in cells that surround the vascular bundle within the leaf mesophyll tissue. Interestingly, KOR2::gusA and KOR3::gusA showed opposing expression patterns in developing leaf trichomes and their support cells, respectively (Mølhøj et al. 2001b ).
Intracellular localisation of KOR
Sucrose density gradient centrifugation of tomato root microsomes (Brummell et al. 1997) showed that Cel3 copurified in part with plasma membrane markers but also with markers corresponding to the Golgi apparatus. The interpretation was that Cel3 is active at the plasma membrane/cell wall interface (where the potential substrates are) and that part of the Cel3 protein pool is intracellular on its way to the cell surface. Comparable results were obtained when using freeflow electrophoresis on microsomes from Arabidopsis suspension cultures (Nicol et al. 1998) . Again KOR co-purified with plasma membrane markers but was also found in a fraction enriched for a tonoplast marker. Since no Golgi markers were used in this experiment, it is not known which fraction was enriched for Golgi membranes. In conclusion, these experiments indicate that Cel3/KOR accumulates, at least, in more than one cellular compartment, one of which may be the plasma membrane. Zuo et al. (2000) studied the intracellular localisation of a fusion protein consisting of the entire KOR sequence minus the three C-terminal residues fused to the N-terminus of the green fluorescent protein (GFP). This protein was expressed with an inducible promoter in tobacco BY-2 cells. Using confocal microscopy, GFP fluorescence was present in intracellular organelles in interphase cells, whereas in dividing cells the fluorescence accumulated in the phragmoplast. No fluorescence was observed in the plasma membrane. The authors noticed that the cytosolic N-terminus contains two conserved motifs (LL and YXXF, with F referring to any hydrophobic amino acid), which had been identified as polarised targeting signals in a number of animal proteins. Substituting LL for two alanines or tyrosine for an alanine in these motifs lead to a more uniform distribution of the fusion protein to the plasma membrane and cell plate. The authors concluded from these studies that the KOR-GFP fusion protein is targeted to the cell plate in dividing cells by a polarised targeting mechanism that involves both the LL and YXXF motifs. It should be noted, however, that the authors did not report on the complementation of the kor mutant phenotype (see below) with the KOR-GFP fusion protein and hence it is not known whether the observed fluorescence reflects the localisation of the endogenous KOR protein. Our own unpublished results using immunofluorescence in Arabidopsis root cells also lead to the conclusion that KOR accumulates in intracellular organelles and not in the plasma membrane. These organelles are different from the Golgi apparatus as shown by double labelling experiments with Golgi markers. However, we never observed accumulation of KOR in the phragmoplast. One way to account for these conflicting results is that KOR cycles between an intracellular compartment and plasma membrane or phragmoplast in dividing cells, and that the KOR-GFP fusion protein failed to be retrieved from the phragmoplast in the transgenic BY-2 cells. Amidst all this confusion, two scenarios remain possible. Either KOR acts at the plasma membrane-cell wall interface (and in dividing cells in the phragmoplast), but accumulates in an intracellular storage/retrieval compartment, or KOR exerts its activity inside an intracellular compartment. Further studies are required to distinguish between these possibilities.
Endogenous substrates and function of plant EGases
In theory, endogenous substrates for EGases can be cellulose or xyloglucan. Cellulose is a linear polymer of b-1,4-linked glucose residues. Plants produce cellulose I, which consists of parallel glucan chains that form a crystalline microfibril. Depending on the crystal unit one can distinguish type 1a and type Ib cellulose (reviewed by Delmer 1999). The exact number of glucan chains in a microfibril is not known, but estimates of 36 chains have been reported (Herth 1983) . Crystalline microfibrils appear to be resistant against most plant EGases (Hayashi and Maclachlan 1984) , and no firm evidence exists for significant turnover of crystalline cellulose at least in growing tissues (reviewed in Maclachlan and Carrington 1991) . Amorphous regions in the microfibril, however, may be attacked by plant enzymes. Bacterial and fungal enzymes that efficiently hydrolyse crystalline cellulose, invariably have one or more cellulose-binding domains (CBDs) linked via an extended linker region to the catalytic domain. Plant EGases that contain a putative CBD (members of class II and III; Fig. 1 ) may play a role in the turnover of crystalline cellulose in certain contexts (Trainotti et al. 1999) . Interestingly, Ohmiya et al. (2000) reported on the characterisation of two cellulases in poplar (PopCel1 and PopCel2 in class VI, Fig. 1 ) that appear to release cello-oligosaccharides during auxin-induced cell elongation. These EGases do not contain a CBD, and it remains to be seen whether the enzymes degrade cellulose already present in the wall or are involved in the cleavage of b-1,4-glucan chains prior to their assembly in microfibrils (see below).
In contrast to cellulose, xyloglucan shows a high turnover rate in a variety of contexts and EGases play an active role in this process. The involvement of EGases in xyloglucan turnover during fruit ripening and organ abscission has been amply documented (Maclachlan and Carrington 1991 , del Campillo 1999 , del Campillo and Bennett 1996 and will not be reviewed here. More controversial is the role of EGases in the control of cell expansion. Microfibrils are parallel and oriented transverse to the elongation axis in growing cells. This orientation is thought to prevent radial expansion and to favour elongation. Kerstens et al. (2001) recently provided an experimental demonstration of the effect of the orientation of microfibrils on the mechanical anisotropy of cell walls. A large portion of the xyloglucans is tightly bound to cellulose by hydrogen bonds. In a popular imaginative model for primary cell walls (reviewed by Cosgrove 1999), xyloglucans form load-bearing tethers between the microfibrils. In this view, hydrolysis of these tethers will contribute to the separation of microfibrils, wall loosening and cell elongation. Auxininduced elongation growth was indeed shown to be associated with the activation of EGases through the lowering of the apoplastic pH (many EGases have pH optima of around 6; Cosgrove 1999) and/or inducing de novo synthesis of cellulases. However, EGases unlike the wall creep protein expansins, failed to promote extension of isolated walls in so-called "creep assays", which is not consistent with the presence of load-bearing XG cross-links in the wall. Cosgrove (1999) discusses an alternative model in which microfibrils are glued together by weak interactions between cellulose, xyloglucans and pectins. In this view, the effect of EGases on growth might be indirect by changing the porosity and/or viscosity of the wall. This, in turn, may promote the mobility and hence activity of expansins. The bottom line, from a large body of literature, remains so far that no clear-cut causal relationship could be established between cellulase activity and the control of cell elongation.
Against this background, the determination of the substrate of the membrane-anchored EGase KOR and the discovery of mutants affected in the expression of this enzyme shed new light on possible alternative roles for at least some members of this family.
KOR and its homologs in other species have cellulase activity Brummell et al. (1997) observed that a membraneanchored CMCase activity cofractionated with Cel3 on a sucrose density gradient of tomato root microsomes. Mølhøj et al. (2001c) expressed a truncated version of the Brassica ortholog, CEL16, without the N-terminal membrane anchor in Pichia pastoris and purified the recombinant protein. This protein hydrolyzed CMC and amorphous cellulose. The activity was Ca 2+ dependent and showed a pH optimum of 6. Interestingly, in contrast to other plant cellulases, the protein did not show activity against xyloglucans. It is also worth noting that the EGase activity is important for the in vivo function of KOR since versions of KOR mutated in active site residues failed to complement the kor-2 mutant phenotype (Zuo et al. 2000) . (Table 1) . kor-1 was identified in a screen for short hypocotyl mutants (Nicol et al. 1998 ). It carries a leaky mutation caused by a T-DNA insertion in the promoter region 200 bp upstream from the ATG-initiation codon. This insertion lowers KOR mRNA and protein levels. Mutant seedlings and adult plants are dwarfed and all cell types show reduced cell elongation, except for tip-growing cells (root hairs and pollen tubes). kor-2 is a stronger allele and is caused by a T-DNA insertion 20 bp upstream from the ATG-initiation codon. In contrast to kor-1, which still produced some KOR protein, no KOR could be observed on immunoblots with kor-2 extracts. The mutant is extremely dwarfed and shows, in contrast to kor-1, abnormal cell plates and incomplete cell walls. As a result, adult organs are transformed into calli (Zuo et al. 2000) . root swelling (rsw)2 alleles (rsw2-1 to 4) (Lane et al. 2001) , altered cell wall (acw)1 (Sato et al. 2001 ) and lion's tail (lit) (Hauser et al. 1995 , Schindelman et al. 2001 were isolated in three independent screens for conditional root swelling mutants. All mutants show radially swollen root tips, and reduced cell elongation in most cell types at the restrictive temperature (29-31°C) or in the presence of 4.5% sucrose (lit). Each allele carries a point mutation causing an amino acid change in KOR (Table 1 and Fig. 2 ). Mutations were found at three positions and several independent alleles carry exactly the same base pair change indicating that the mutant screen is most likely saturated and that only amino acid changes at a few positions in the protein give rise to a conditional phenotype. Fig. 2 shows the positions of the altered residues in the mutant alleles plotted onto a predicted 3D structure of KOR. This structure was modelled onto the crystal structure of the related (34% sequence identity, 45% similarity) Thermobidifida fusca endo/exocellulase, chain A (accession number protein sequence: g2554822, protein structure: 1TF4.A). In each case, the mutated amino acid is predicted to be located at the surface of the protein structure removed from the catalytic residues. It is therefore possible that the mutations interfere with the interaction of KOR with other proteins, rather than with the catalytic activity.
Chemical analysis was carried out on rsw2-1 and acw1 at the permissive and restrictive temperatures (Lane et al. 2001 , Sato et al. 2001 ). All three alleles showed a cellulose deficiency. In addition, in dark-grown hypocotyls of kor-1, cell walls were thicker than those of the wild type and cells were frequently separated at the middle lamella. The cellulosehemicellulose network was perturbed as shown by the absence of stratified microfibrils in the inner part of the cell walls and the separation of layers upon extraction of the pectins from the wall (Nicol et al. 1998) . A decreased cellulose content in kor-1 compared with wild type was also confirmed by transmission electron microscopy on transverse hypocotyl sections labelled with gold-linked cellobiohydrolase (His et al. 2001 ) and FTIR microspectroscopy (G. Mouille and H. Höfte, unpublished data). Field emission gun scanning electron microscopy further showed the absence of ordered microfibrils in root cells of acw1 grown at 31°C (Sato et al. 2001) .
Changes in other cell wall polysaccharides were also observed in the mutants; rsw2-1 showed few changes in the production of matrix polysaccharides but in shoot tissue, the mutant accumulated a soluble linear b-1,4-glucan, which was readily extractable with 0.5% ammonium oxalate at 100°C or 0.1 M KOH (at 25°C). A similar glucan accumulated at the restrictive temperature in aerial parts of rsw1, a mutant for a cellulose synthase catalytic subunit (CESA1) with a phenotype very similar to that of rsw2 (Peng et al. 2000) . The exact nature of this glucan and the reason for its unusual solubility remain to be determined. An increased galacturonic acid content was observed in acw1 and kor-1 indicating a higher pectin content in the mutant walls. This was confirmed using immunocytochemistry in kor-1 with various pectin antibodies (His et al. 2001) . In addition, kor-1 showed a reduced labelling with antibody LM5, which recognises an epitope on the b-1,4-galactan side chain of rhamnogalacturonan I. These observations show that the cellulose deficiency caused quantitative and qualitative changes in pectin content, suggesting the existence of a feedback mechanism that co-ordinates the metabolism of pectin with that of cellulose (His et al. 2001, Nakagawa and Sakurai 1998) .
The kor-2 phenotype indicated that KOR is not only required for cell elongation but also for wall assembly during cell plate formation. The absence of a cell division phenotype in the more leaky allele kor-1 suggests that normal cell elongation requires higher KOR levels than cell plate formation. Zuo et al. (2000) attributed this to the existence of an active vesicular targeting system that efficiently concentrates KOR in the cell plate even when the intracellular concentrations are low. In accordance with this, KOR versions mutated in the putative cell plate-targeting motif in the N-terminus, complemented the cell elongation phenotype in kor-2 hypocotyls, but failed to complement the cell division phenotype in the meristem of this mutant. The cell plate accumulation of the native protein still remains to be confirmed and it also remains unclear why the same mistargeted KOR versions did complement the cell division defect in kor-2 embryos.
KOR also plays a role in the synthesis of cellulose in the secondary wall. Indeed, in cotton fibers, a massive accumulation of a KOR homolog could be observed during secondary wall deposition (Peng et al. 2002) . This wall is nearly pure cellulose without xyloglucans. The recent identification of KOR alleles (irregular xylem2, irx2) with specific defects in the secondary wall in xylem elements in Arabidopsis confirmed this role. The mutants studied by Turner and colleagues, named irregular xylem (irx1, irx2 and irx3), show collapsed mature xylem cells (Turner and Somerville 1997) . This collapse is caused by a lack of cellulose within the secondary cell wall. The two ixr2 alleles carry a point mutation causing an amino acid change in KOR (S. Turner, personal communication). As for the additional kor alleles, both mutations are located at the surface inside flexible loops (Fig. 2) . The absence of a strong seedling phenotype for irx2-1 and irx2-2 may indicate that they are weak alleles and that higher KOR levels are required for secondary wall synthesis than for growth. Alternatively, the amino acids affected by the mutations may be involved in an interaction with protein partners specifically required for secondary wall synthesis.
Bacterial EGases involved in cellulose biosynthesis
Cellulose is not only restricted to the plant kingdom. Numerous bacteria also synthesise cellulose. Acetobacter xylinum synthesises large amounts of cellulose, which forms thick mats that help the bacteria to float on their substrate. The crown gall-forming Agrobacterium tumefaciens produces cellulose fibers which contribute to the adhesion to higher plant cell walls during infection (Ross et al. 1991) and even Escherichia coli and Salmonella typhimurium produce cellulose which allows the cells to aggregate in multicellular fimbriae (Zogaj et al. 2001) . All these bacteria also express EGases, which were shown to be essential for cellulose synthesis in a number of cases. In A. tumefaciens, one of the two operons (celABC and celDE) involved in cellulose synthesis contains a gene, celC, encoding an EGase (Matthysse et al. 1995b) . Transposon mutagenesis showed that celC is essential for cellulose synthesis. Although the precise function of CelC is still unknown, an accumulation of lipid-linked 1,4-glucan oligosaccharides was detected in celC mutants (Matthysse et al. 1995a ). The authors suggested that CelC is involved in the transfer of cellulose oligomers from a lipid carrier to the elongating cellulose chain (Matthysse et al. 1995a) . A CelC homologue is also present in the cellulose producing Rhizobium leguminosarum (Ausmees et al. 1999) .
In Acetobacter xylinum, another cellulose-synthesising bacterium, the ORF1 gene, encoding an EGase, CMCax, is colocalized with the cellulose bcs operon (Standal et al. 1994) . Adding small amounts of EGase activity from Bacillus subtilis to the culture broth enhanced the cellulose production (Tonouchi et al. 1995) , and antibodies against CMCax severely inhibited cellulose synthesis when added to A. xylinum cultures (Koo et al. 1998) . Mutants for CMCax are also cellulose deficient (T. Hayashi, personal communication.) . Both CelC and CMCax belong to the glycoside hydrolase family 8 and, like plant EGases, are predicted to be inverting EGases (Henrissat 1991, Henrissat and Bairoch 1996) . In conclusion, although cellulose biosynthesis in A. xylinum and A. tumefaciens both seem to involve EGases, it remains to be determined whether they play the same role as the plant membrane-anchored EGases in cellulose synthesis.
What is the role of a cellulose-hydrolysing enzyme in the synthesis of cellulose in plants?
As we have seen, plant EGases can act in theory on cellulosic or xyloglucan substrates. The accumulated evidence supports a role for KOR in the synthesis and/or assembly of cellulose in plants: (1) kor mutants invariably showed a cellulose deficiency without detectable changes in xyloglucans; (2) recombinant CEL16 expressed in Pichia pastoris has CMCase, but no xyloglucanase activity; (3) EGase activity is necessary for cellulose synthesis in bacteria; and (4) KOR is highly expressed also during secondary wall synthesis in Arabidopsis and in cotton fibers, which contain very little if any xyloglucans.
In theory, KOR could either cleave a precursor in the b-1,4-glucan synthesis pathway or be involved in the assembly of glucan chains in cellulose microfibrils.
Scenario 1: KOR cleaves a precursor molecule-Recent experiments in cotton fibers underscore the involvement of lipid intermediates in plant cellulose synthesis. The culturing of cotton fibers in the presence of the experimental herbicide CGA325¢615 lead to the inhibition of crystalline cellulose synthesis and to the accumulation of a non-crystalline glucan . The unusual solubility of this glucan is a result of its strong, perhaps covalent, association to protein, which includes at least the catalytic subunit of cellulose synthase. Furthermore, this glucan was linked to sitosterol, a common membrane sterol in plants. In recent work (Peng et al. 2002) , the authors provided evidence for a role for sitosterolglucoside (SG) as a primer for chain elongation. Labelling experiments showed that SG's, steryl cellodextrins as well as cellulose could be produced from fiber membrane preparations. In addition, labelled SG added to membrane fractions from fibers was incorporated into cellulose. Most interestingly, membrane preparations from yeast cells expressing the cellulose synthase catalytic subunit GhCesA-1, were able to synthesise SG 3 from added SG. It remains to be determined, however, whether SG also serves as a primer in vivo and, if so, whether the involvement of sterol-cellodextrins in the synthesis of cellulose can be generalised to other cell types.
As mentioned above, a KOR homolog is present in cotton fiber membranes and its expression level is correlated with cellulose synthesis activity. The following circumstantial evidence (Peng et al. 2002) , together with the Ca
2+
-dependence of the EGase activity of recombinant CEL16, suggested that the role of KOR may be to cleave the SG primer from the growing glucan chains: (1) in vitro cellulose synthesis in fiber membranes required Ca 2+ ; (2) addition of commercial EGase bypassed the requirement Ca 2+ for cellulose synthesis; (3) the synthesis of sitosterol cellodextrins did not require Ca
; and (4) a Ca 2+ dependent EGase activity cleaving sitosterol cellodextrins was present in the membrane preparations. A testable prediction from this model would be that sitosterol cellodextrins accumulate in a kor mutant background.
This proposed role for KOR creates a topological problem. SG and its cellodextrin derivatives, like the catalytic domain of CESA should be localised on the cytosolic side of the plasma membrane. In order to cleave these molecules the EGase should also be exposed to the cytosol. If the predicted topology is correct, the catalytic domain of KOR is on the extracellular side of the membrane, although it may be possible that the sterol-cellodextrins could flip orientations prior to cleavage or that the entire sequence of events occurs within some transmembrane channel. In any case, these issues clearly need to be clarified, and any model that proposes a role for KOR in the cleavage of the primer from the growing chain should take into account this discrepancy.
Another interesting issue is the observed Ca 2+ requirement for in vitro cellulose synthesis. It is well known that plant callose synthases, including that of cotton fibers (Ohana et al. 1993 ) require Ca 2+ for activity, a finding that explains enhancement of callose deposition upon wounding when cytoplasmic levels of Ca 2+ rise. Thus, the finding of a requirement for Ca
for cellulose synthesis was surprising and seemingly contradictory to the notion that cellulose is synthesized in healthy cells where cytoplasmic Ca 2+ levels are low. However, with the predicted topology, the active site of KOR would be located at the plasma membrane/cell wall interface where Ca 2+ levels are relatively high and constant.
Scenario 2: KOR is required for the association of glucan chains in the microfibril-Alternative roles of KOR downstream of b-1,4-glucan polymerisation remain possible. The cellulose synthase complex contains multiple catalytic subunits, each of which synthesises glucan chains. How the glucan chains associate in parallel arrays in the microfibril is not known, but the configuration of CESAs in a hexameric rosette may promote this association. In any case, the formation of parallel regular arrays requires a perfect coordination of the activity of the different glycosyltransferases within the complex. Any enzyme that lags behind the other enzymes of the complex, in theory, would compromise the regular architecture of the microfibril. It is conceivable that EGases such as KOR or the cello-oligosaccharide releasing EGases within class VI (Ohmiya et al. 2000 ; Fig. 1 ), play a role in removing partially defective complexes from their growing microfibrils. In this scenario, the non-crystalline glucan that accumulates in kor mutants would correspond to the glucan chains that failed to associate correctly in a microfibril. Such an accumulation also could cause a traffic jam further upstream and lead to the accumulation of synthesis intermediates such as lipid-linked cellodextrins. Cleavage of glucan chains also may be required to relax stresses that may build up during the association of soluble flexible glucan chain into a rigid microfibril. In this scenario, KOR could play a role similar to topoisomerases during DNA synthesis. This possibility may be hard to verify experimentally.
More questions than answers
Despite the considerable progress, more questions have been raised than answered. Do SG and sitosterol-cellodextrins accumulate in kor mutants? What is the exact nature of the NCG that accumulates in kor mutants? Is it also linked to CESA and to sitosterol and what is the nature of the CesAglucan linkage? Does KOR hydrolyse sterol-glucosides in vitro? Is KOR physically associated with CESAs and/or other components of the cellulose synthesis machinery? Does KOR have different partners during primary and secondary cell wall synthesis, as suggested by the irx2 mutations that specifically affect secondary wall synthesis? What is the intracellular compartment in which the protein accumulates? Does it reach the plasma membrane? How is the targeting regulated and the activity of the protein? What is the role of the conserved proline-rich C-terminal domain? What is the role of KOR2 and KOR3 and that of other cello-oligo saccharide releasing EGases? What is the role of EGases in bacteria? Are EGases also required for cellulose synthesis in algae and in Dictyostelium? Given all these questions there is not doubt that exciting times lay ahead for those studying cellulose synthesis in plants.
